Objective-This investigation sought to examine whether methods proposed to control the healthy worker survivor effect would influence the shape or magnitude of the dose-response curve for respiratory cancer induced by arsenic. Methods-Results from an unadjusted analysis are compared with results obtained by applying four different methods for control of the healthy worker survivor effect to data on arsenic exposure and respiratory cancer. The four methods are: exposure lag, adjustment for work status, cohort restriction, and the G null test. Results-Cohort restriction gave erratic results depending upon the minimum years of follow up used. Exposure lag substantially increased the rate ratios and a non-linear shape (decreasing slope) compared with an unlagged analysis. Adjusting for work status (currently employed v retired or otherwise not employed) yielded slightly higher rate ratios than an unadjusted analysis, with an overall shape similar to the baseline analysis. Results from the G null test procedure of Robins (1986), although not directly comparable with the baseline analysis, did show an adverse effect of exposure that seemed to reach a maximum when exposure was lagged between 10 and 20 years.
for work status (currently employed v retired or otherwise not employed) yielded slightly higher rate ratios than an unadjusted analysis, with an overall shape similar to the baseline analysis. Results from the G null test procedure of Robins (1986) , although not directly comparable with the baseline analysis, did show an adverse effect of exposure that seemed to reach a maximum when exposure was lagged between 10 and 20 years.
Conclusions-Al results confirm an adverse effect of arsenic exposure on respiratory cancer. In these data, it seems that the healthy worker survivor effect was not strong enough to mask the strong effect of arsenic exposure on respiratory cancer. Nevertheless, several methods show a stronger association between arsenic exposure and respiratory cancer after adjustment for the healthy worker survivor effect, suggesting that for weaker causal associations, studies not Risk estimates from investigations in highly exposed populations are used to extrapolate risk at lower levels and to establish exposure standards. For many chemical and physical agents, occupational cohorts are the most highly exposed. However, occupational studies are subject to bias from the healthy worker survivor effect, by which workers who are least healthy are most likely to leave work.' This differential may attenuate the dose-response relation and has the potential to alter the shape of the dose-response curve. 23 The present investigation sought to examine whether methods proposed to control the healthy worker survivor effect would influence the shape or size of the dose-response for respiratory cancer induced by arsenic.
A common belief is that the healthy worker effect is small for cancer, especially lung cancer. Although smaller than for cardiovascular mortality, particularly in the period shortly after hire, a healthy worker effect for cancer has been found in numerous occupational studies that show mortality rates lower than expected for selected cancers.67 Robins8 9 empirically shows the bias of the healthy worker survivor effect for mortality from lung cancer in an occupational cohort exposed to arsenic. Reinforcing these empirical findings are: (a) the recognition that the healthy worker survivor effect may operate after the workforce is selected if there are factors related to both the end of employment and mortality, and (b) the realisation that such factors are plausible even with cancers. ' 8 Although use of internal comparisons can successfully control the effect of healthier people being hired into the workforce, the healthy worker survivor effect continues to operate even when internal control populations are used. 8 We reviewed in a previous paper how the healthy worker survivor effect has been historically conceptualised.' At least four methods have been proposed to control for the healthy worker survivor effect in cohort studies of occupational mortality.
(1) The analysis is restricted to long term survivors where it is assumed that the healthy worker survivor effect is minimal.4 " Workers with shorter periods of follow up are excluded as they are assumed to have a different propensity for mortality.
(2) The exposure is lagged so that recent exposures are ignored. The rationale for this approach is that recent exposures are incurred only among the healthiest survivors."2 (3) A covariate is introduced to control for current employment status (active v inactive Armghi, Hertz-Picciotto employment).'3 This method assumes that the healthy worker survivor effect is a case of traditional confounding: (a) work status is related to exposure in that those with higher exposure may leave work more readily and while off work, incur no further exposure; (b) being off work is an independent risk factor for the outcome.
(4) The healthy worker survivor effect is assumed to operate simultaneously as a confounding and an intermediate variable. Under this paradigm, the analysis considers differences in occupational exposure at discrete points in time while simultaneously controlling for past exposure and employment status.8 This analysis can be implemented with the G null test procedure. These four methods have not previously been compared by application to real data. This paper directly compares these four methods with data from an occupational cohort exposed to arsenic.
These data provide a setting where exposure has a strong dose-response relation for mortality from respiratory cancer. Also, the dose-response curve has been found to have a non-linear shape in which arsenic exposure seems to exert a greater effect at lower levels of exposure than would be expected if potency was extrapolated linearly from higher levels of exposure. The impact of these methods on both the magnitude and shape of the doseresponse relation is evaluated and results are reviewed to highlight the strengths and weaknesses of each method.
Methods and materials

DATABASE
The occupational cohort exposed to arsenic used in this analysis has been previously described. ' 000 20 000
Exposure (pg/m3 y) Figure 2 shows the results when exposure is lagged. A lagged exposure generally produces higher rate ratios at all levels of exposure compared with the baseline (unlagged) analysis. The greatest effect estimates are found when exposure is lagged by 10 or 15 years. Regardless of lag, the shape of all the doseresponse curves is similar. The non-linear, concave downward shape of the unlagged analysis is enhanced when exposure is lagged. Figure 3 shows the dose-response curves for the models with and without the employment gories. A comparison of the second lowest with the lowest exposure category shows an adverse effect of exposure; however, these differences were not significant in any model. Thus, weak effects of exposure remain difficult to detect, regardless of method to control the healthy worker survivor effect. Empirically, cohort restriction has the potential to result in lower rate ratios. By itself, this finding could be due to higher rate ratios in short term employees who are excluded by the restriction, or a bias introduced by the method-for example, through reduced variability in exposure. The method of cohort construction of Enterline et al'5 already required a one year survival at employment and hence could have attenuated the impact of this method if such short term workers had lower mortality than the rest of the cohort (note that they would have contributed data to the lowest cumulative exposure groups). However, the assumption of the restriction method is that the healthy worker survivor effect is eliminated or reduced when the cohort is sufficiently restricted.8101' Evidence is lacking on this assumption. Indeed, health differences may continue to be associated with absenteeism among long term survivors.
Cohort restriction has practical limitations. The available sample becomes less generalisable as it is reduced by a non-random mechanism. As the period of restriction increases, the precision of the estimates decreases due to a reduction in the number of cases and personyears in the analysis. This decreased precision was particularly striking when the cohort was restricted to 20 year survivors and the doseresponse curve became erratic.
Lagged analyses resulted in larger risk estimates than the baseline analysis, with the largest exposure effects found at lags of 10 and 15 years. These results suggest that the healthy worker survivor effect was successfully controlled and arsenic exposure has a latency period of 10 to 15 years, or bias was introduced because of a violation of assumptions of this method. The main assumptions of lagging are that (a) the mean latency between exposure and the measured disease outcome is longer than the time the healthy worker survivor effect operates,'2 (b) time off work is equivalent to time on work at zero exposure, and (c) exposure levels are not related to health status, including susceptibility to the outcome under study. Note that if the latency is very short and the effect of exposure is reversible, lagging could cause an effect to be missed. For example, if the risk resulting from an exposure was increased in the first five years after exposure and then dropped to normal levels, analyses in which exposures were lagged by five years or more would miss the effect and would not be the method of choice regardless of considerations about the healthy worker survivor effect. In our analyses, support was strongest for a 10 or 15 year latency, although the model fit was similar regardless of the duration of the latency period. The assumption that time off work and time on work at zero exposure are equivalent could be a problem if people who leave work Partly in response to the limitations of the G null test, a more generalised and flexible method, the G estimation procedure, has been developed by Robins and colleagues22 who used structural nested failure time models, a variant of the accelerated failure time model. G estimation provides: (a) a readily interpretable and meaningful measure of the exposure effect and (b) a flexible approach to matching of past exposure and employment. In particular, one obtains a point estimate and CI for the overall change in survival time, while simultaneously adjusting for past exposure and off work history along with other time dependent and fixed covariates. Additionally, structural nested failure time models allow past exposure to be of several forms including the traditional measures of exposure (cumulative, peak, or intensity). These models allow one to relax the requirement of identical exposure histories by modelling current exposure as a function of past exposure; thus, an expectation is that more cases will have suitable controls resulting in a statistically more efficient and powerful model relative to the G null test procedure. To date, application of these models to occupational cohorts has not been attempted. Further analyses of the cohort exposed to arsenic with structural nested failure time models and G estimation are planned.
Conclusion
Overall the shape of the dose-response curves was similar in the unadjusted Poisson regression and with the methods of cohort restriction, exposure lagging, and inclusion of the age specific work status covariates. At lags of 0, 10, 15, and 20 years, the G null test procedure detected an adverse effect of exposure.
Cohort restriction seems inadequate, with empirical evidence seeming to support theoretical deficiencies. It assumes that the healthy worker survivor effect ends after a fixed period of restriction. Both lagging of exposure and adjustment for work status empirically yielded a greater effect than unadjusted analyses, which could be interpreted to suggest confounding by the healthy worker survivor effect and some success in controlling such confounding from each method. These two methods, which seemed to enhance the differences between exposed and unexposed people, may provide more sensitive analyses of effects that are weak and therefore difficult to detect in epidemiological studies. Only lagging of exposure substantially improved the fit of the models.
However, these two methods both rely on assumptions that may be problematic. Lagging requires that the latency period be longer than the period over which exposure predicts employment history. Both disease latency and the time frame for associations between past exposure and subsequent work history are usually not known. Adjustment for work status assumes that this variable is a pure confounder-that is, that exposure is unrelated to subsequent work status. The underlying theory of the dual nature of the healthy worker survivor effect as a confounding and an intermediate variable needs to be seriously explored. The G null and G estimation approaches are unique in taking into account the relations between exposure, employment status, underlying risk of disease, and subsequent exposure history and employment status. Despite concerns about implementation of the G null technique, these methods represent a significant contribution to epidemiological theory.
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